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INTRODUCTION 

The so called solar neutrino puzzle is now more than 
twenty years old. The experimenrally detected l) flux of 
neutrinos originating fromthe thermnuclear reactions in the 
sun via the process 
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is far below the theoretical predictions. 2) Whereas the 
standard Solar Model (SSM) suggests the conversion rate 

< 37C1 ' SSM = (7.9 2 2.6) SNU (2) 

the experiments give a rate roughly a factor of three 
smaller 

< 3-I cf. > 
exP 

= (2.1? 0.3) SNU (31 

The unit 1 SNU (Solar Neutrino Unit) corresponds to 10 -36 

captures/atom-sec. For the experiment of Davis et al 1 SNU 
is-equivalent to the conversion of about 0.23-~atoms of 

37pt: P er day, so that (3) gives a signal of about 0.5 atoms 
per day. This is a rather challenging experiment andwe won't 
go into the uncertainties associated with it or the theory, 
*suggest Peccei's review for a nice discussion of whether 
this is a true paradox or not. The beauty of this issue is it 
touches upon the fundamental properties of neutrinos such 
as their masses, mixing angles,maqnetic moments etc. 

The most popular explanation to date is the MSW mechanisi' 
Of resonant oscillations in the interior of the sun, which 
transform ve into v (or v 1. For this to work, the masses 

and the mixing anqles'are coAstrained by 

Am2 =m 2 ) - m2 % 10 -7 

yP 
- 10s4 (eV)z 

T "e 
sin 2 0 > 1o-3 (4) 

We should stress that the MSW process takes place in the 
radiation zone (0.04 - 0.7 Ro, where R@ is the radius 
of the sun). This perfectly acceptable explanation needs 
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further laboratory verification, for we still have no clue on 
the values of neutrino masses and mixing angles. A potential 
death blow to this idea could come, however, from the very 
observations of Davis et al. They seem to suggest an anticor- 
relation between solar neutrino flux and the sun-spot activity. 
At the sunspot maximum, the neutrino flux is below average 
and at sun-spot minimum activity it is far above the average 
value: ~(5.1 +1) SNU (1987-1988).-.The sun-spot activity is 
attributed to magnetic storms in the convection .?.one of the 
sun, near the surface (~0.7 - 1 RO ), when the magnetic field 
near the maximum reaches the value of 103 - lo4 Gauss. If 
this is so, then the mass oscillation cannot be the explanation; 
it has to do with the magnetic field of the sun. 

Cisne,roz)and Voloshir@) et al (WO) suggests that the ele: 
ctron neutrino possesses a large magnetic moment which enables 
it to flip into the sterile right - handed component (or 
other flavors) in the magnetic afield of the sun. This seems 
to work if the magnetic moment is on the order of 10qll~ 

B 
e) (UB=;‘2me I which, as we will see below, is an enormous 

number, many orders of magnitude above the value in 
the standard model (with v,). 

NEUTRINO MAGNETIC MOMENT 

Recall that, like the mass, magnetic moment is the heli- 
city flip operator 

rJuvv L Fuv= P" "L 
C 

uy 'R .T C 0" vL Fuv 

For the WO mechanism to work, u is estimated 6) 
" 

uY * 10-11 - 1o'l0 LIB 

To get a feeling for this number, let us 
campare it with the natural value for p in the standard 
model‘l) (with vR) 

" 
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(uv)st = 3eGPv 
iz-7 

= 3.2 i 10-l' ( & )uB (7) 

which is at least eight orders of magnitude smaller than the 
WO number! This number can get substantially enhanced if 
there is a right-handed current, such as in left-right models 8) 

(‘I”)LR = gz sin 2@ C2 x 10 -13 sin 2@ US (8) 

where + is the mixing angle between left and right-handed 
currents,10 kO.05. Obviously, (8) is still too small. With 
some optimal assumptions supersymmetry may give even larger 
prediction, but still 

(u”)ss ; lo-l2 lJB 

-Thuswe shave problem at our-hands: how to-reconcile a 
large value for D with a v small neutrino mass, rnvk 1OeV 2 
This is quite a challenge for a model builder, one which 
is hard to ignore, even if you are not very convinced with 
the WO mechanism. The idea, of course, is to uncorrelate 

YY with mv , which was achieved by Babu and Mathur and 
Fukugita and Yanagida. 9) They introduce an SU(2) singlet, 
charged Higgs field h+, which works OK for p . The trouble 
is that in their models neutrino has a bare girac mass, which 
has to be fine tuned to be small. 10) This is not a solution 
to our problem. 

An ingenious way out was suggested by Voloshin ll! who 
-..-_. 
mxtulated an SU (2 1 H symmetry between v and v '. Under SU(2)H 

the mass term behaves as a triplet and so is forbidden, where- 
as the magnetic moment interaction is allowed. Namely, 

L; i o2 CLv = 0 

L; i cJ2 c o*"L" # 0 

where Lv = (v 1 UC L . This idea, unfortunately is not easy 
to realize, since SU(2) H does not commute with SU(21L. You 
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could try to enlarge SU(2JLx U(1) a la Barbieri and Mohapat- 
ral" , who use SU(31 

CL 
x U(1) with the basic triplet consist- 

ing of e,v and v . This.utomaticallv contains SU(21H, but 
the scale of SU(21H symmetry breaking is pushed above s! This 
means that SU(21H effectively loses its original role; we are 
back where we started. 

This may be a good place to mention some potential trou- 
bles with the large value of u"* 

(a) laboratory experimental 13) limit onP is 
u 

hJexp 2 1.5 x 10 
-10 UB (11) 

(bl from the stellar cooling analysis, there is an 
astrophysics bound 141 

(lJ")astro 5 1.1 x lo-l1 PB (12) 

(c) also,cosmological argument due to increase in vL 
number from the vR + e + vL + e process, induced via uv, 
implies 14) 

(lJ")cosmol 1 0.5 x 10 
-11 lJB (13) 

(d) and finally, the energy loss of the supernovae 1987a 
would be too large, unless 151 

('v)sn k lo-l2 UB (14) 

Obviously the serious problem is d) only, but there one 
could try to add new interactions which would trap v R' so 
even this is not a fatal blow to the WO suggestion. Still, 
we find the idea of transition magnetic moments far more 
appealing. Here, in analogy with neutrino oscillations, one 
takes u AL instead of vzr . In other words , one assumes A 
the horizontal symmetry 16) SU(21H between the Weyl fie 
v and e Vu' so that now 

Ids 

(15) 



-5- 

The invariant magnetic moment (101, with Lv from (151 is now 
a transition moment 

T 
ve co v 

uv u 
FuV# 0 (16) 

The diagonal moments vanish in the case of Weyl (Majoranal 
neutrinos. 

The new problem appears, though; the magnetic field of 
the sun has no energy to flip the neutrinos, unless the mass 
difference between and vlr is almost vanishing 171 

'e 

A m2 
2 =m y - m2 v ZlO -7(eV12 

U e 

The model building becomes even more challenging. The 
most natural approach is to use some symmetry, such as U(1) 
global symmetry Le - Lu, which would imply A m2 = 0. In 
this case, ve and vP group together into a Dirac neutrino. 
However, we still have to achieve mu: 1OeV or so. 

NOW SU(~2lB could be either global or local, however, in 
both cases its scale of symmetry breaking MH must be large. 
If it is global, the consequence of Goldstone bosons implies 
s 2 10' - 10' GeV, and the local symmetry case demands 

MH'%. But this defies the whole purpose for imposing 

SU(2jH in the first place; we need this symmetry at low 
energies, so that it can play its custodial role. Ideally, 

MH<<i . GeV is what we are after. We are back where we 
started. What to do? 

A suggestion by Leurer and Marcus 17) is to have an 
approximate SUM, broken explicitly. Encouraged by the fact 
that in the standard model SU(2jH is broken only by 

m -m 
L= AL.2 1, 10 

-4 terms, they demand the breaking of 
MH 

this symmetry to continue being proportional to E , a rather ad 
hoc assumption. This would enable them to lower the value Of 
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m,down to eV scale. 

Leurer and Golden 19) try a U(l), instead of SU(2) sym- 

metry. This also has its problems, in particular they :eed so- 
me further fine tuning to achieve a small mass for my. 

Yet another possibility is to use a discrete symmetry. 
The discrete symmetry certainly needs a serious motivation, 
for hit carries a potential disaster of domain walls. To get 
rid of this, we appeal to the idea of possible symmetry non- 

restoration at high temperature, as advocated by Weinberg and 
especially Mohapatra and GA. 20) (or soft breaking, if you find 
the above hard to digest). The main advantage of the discrete 
symmetry is that it can be kept down to as low energies as 
we wish (maybe even left unbroken?) Besides us, the discrete 
symmetry approach was also tried by Babu and Mohapatra 21) and 
by the wienna group 22) . Babu and Mohapatra argue that the com- 
bination of supersymmetry and the Z4 subgroup of Le - LN works, 
whereas in the case of Wienna group Dirac neutrino ends up 
light for somewhat accidental resons (but technically natural). 
The space doesn't permit as to discuss their work at great 
length; for reasons that you will probably find obvious we 
shall devote the rest of this paper to our work. 

THE DISCRETE SYMMETRY AND uy 

The first fact to notice is that the custodial symmetry 
must be nonabelian, if it is to forbid VT C v. and allow 

T I 
"i co ".. 

P" 3 
The simplest possibility would be a subgroup of 

Voloshin's SU(21H symmetry which does the job. The ideal 
candidate for this is the quaternion symmetry Q4 of 8 elements, 
whose characteristics, are best read off from its faithful1 
two dimensional representation 

( ?12, +i oi 1 

(a) Quaternion symmetry Q4 

Since there is always a trivial repr. (Rl), obviously 
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there are four one dimensional representations Rl,...R4. The 
five classes (Cl = {l,}, C2 = (-I,), C3 = ( +ial), c4 =(tio2~, 

c5 = {rio 3 } in the case of a doublet representation D) are then 
given by the character table 

C 1 c2 C3 c4 c5 

Rl 1 1 1 1 1 
R2 1 1 1 -1 -1 

R3 1 1 -1 1 -1 

R4 1 1 -1 -1 1 
R5 =D 2 -2 0 0 0 

"e Following voloshin, we assume Lv = (vu) to be in a dou- 

blet representation of Q4. In the same manner as with SU(2)R 

symmetry (see eq. (lo)), the mass term is forbidden, whereas 
magnetic moment is allowed. The point is that the antisymmetric 
transformation DT i02 D is invariant, which vanishes for mv. 
One can now construct one's favourite model; all you need the 

decomposition 
(D x DJAs = Rl 

(D x DJs = R2 + R3 + R4 

Obviously, both new fermions and Higgs fields are needed, and 
it is somewhat a matter of taste of what to choose. 

We shall not describe the details of our model here 23) , 
for they are given in our paper. Let us rather concentrate on 
the shortcomings of the Q4 approach. The main problem is the 
fine tuning needed to keep Am2 small. The way we construct Y 
the model, there is no protective symmetry which could make 

v,r v a Dirac neutrino. The potential candidate is a Z4 sym- 
metr; generated by, say iol (or any other i ok), which should 
remain unbroken. Therefore, only those Higgs fields transform- 

ing as R 1 or R 2 are allowed nonvanishing ver’s. This forces 

eR'"R to form a doublet D and the outcome is that we cannot 

split e,v masses. This problem seems to remain even if we 
add additional particles. 

(b) dicyclic group Q6 

This group consisting of 12 elements is more promising, 
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since it has two doublet representations. It is generated by 

elements r,s through 
.6=.4k .I, 2 srs = r (18) 

Its-six classes C1( 1) , C2 I-l), C3 {r2,-rl, C4 (s,-sr,sr'), 
C5 (-s,sr,-sr'l ,C6 {r,-r')has the following character table 

cl c2 '3 '4 '5 '6 

Rl 1 1 1 1 1 1 
R2 1 1 1 -1 -1 1 

R3 1 -1 1 i -i -1 

R4 1 1 
1; -1 

-i i -1 

R5 2 0 0 1 

R6 2 2 1 0 0 -1 

The explicit form of r and s for R5,R6 is 

I 2n01 

r5 . 
=exp ( 6 1, s5=io3 

?='6 = exp ( 
i 2n01 

1, s6=-03 (19) 
3 

It is clear that Q6 is not a subgroup of SU(Z)H, but 
rather U(2jH. However, it still forbids the neutrino mass, if 
we assign left-handed leptons into R5 (or (R5)+). 

Our strategy is straightforward: we break Q6 down to Z4 

generated by s. This implies neutrino mass term VT ec" Us or 
0. Furthermore, if you choose 

‘i’ = (R5)+ 

(20 I 

then under s 

eL,R * -i eL,R i "L,R * i 'L,R (21) 

In other words, s is a Z4 subgroup of L - Le. The dangerous 
u 

processes such as u -c e-f,u +eee are forbidden. 
Besides the usual particles, this approach needs additio- 

nal lepton doublets NL R and new Higgs fields in order to gene- 

rate large u . As in &r Q4 work 23) , the neutrino (now Dirac) 
mass is suppgessed by mQ/G, where mQ is the scale of Q6 
symmetry breaking. In order to split mu - me, rnQz m,, , 
giving us mv in the eV region. 
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The technical details of our model will be spelled Out 
elsewherez4), together with the phenomenological implications. 
It's major fault is the proliferation of new fields, but it 
seems to work. We hope, though, that a more elegant solution 
along these lines will soon emerge. Needless to say, new expe- 
rimental results regarding the sun-spot activity and neutrino 
solar flux are badly needed to;tell us whether the anticorrela- 
tion between the two is real. 
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